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In the early days of ion beam analysis, i.e. the early 60s, channeling was discovered and brought to matu-
rity via a combined effort in experimental, computational and theoretical research. It was soon realized
that the probability for nuclear interaction (such as nuclear scattering, nuclear reactions, ionization fol-
lowed by X-ray emission. . .) would significantly decrease when steering the ion beam along a crystallo-
graphic direction of a single crystal. Hence, this effect would be optimally suited to investigate a wide
range of materials properties related to their crystal structure, such as defects, elastic strain, the lattice
site of impurities, as well as phonon-related properties.
In this paper, I will briefly review some of the pioneering work, which led to the discovery and theo-
retical understanding of ion channeling. Subsequently, a number of applications will be discussed where
the strength of the ion beam analysis technique allows deducing information which is often hardly (or
not) attainable by other techniques. Throughout the paper, I will reflect on the future of channeling in
materials research, and pay special attention to potential pitfalls, challenges and opportunities.
 2015 Elsevier B.V. All rights reserved.1. Introduction
When nuclear physicists started abandoning their small
accelerators in the sixties, research activities in ion-beam/solid
interactions were booming. Among others, it was discovered that
energetic charged particles can be steered through a single
crystal over a long distance, without undergoing any large-angle
scattering. This effect, well-known as (ion) channeling, is
nowadays a well-established technique to assess basically any
material property which is related to (a deviation of) its crystal
structure. A channeling experiment benefits from the same depth,
elemental, isotopic. . . sensitivity as the ion beam analysis tech-
nique it relies on, e.g., Rutherford backscattering spectrometry,
particle-induced X-ray emission, nuclear reaction analysis. . . Since
its discovery, a variety of channeling approaches have been
developed and applied in a wide scala of materials science studies,
and meanwhile, the technique is routinely used to investigate
defect densities and depth distributions, lattice sites of impurities,
elastic strain, etc.
At the occasion of the Ion Beam Analysis 2015 conference, the
rich history of channeling during the past 50 years has been
reviewed. In this paper, a brief overview will be presented on
how channeling was first discovered, subsequently combined with
emerging ion beam analysis techniques, and finally came to full
maturity. A number of important milestones and pioneering
papers will be highlighted, emphasizing the impact they hadwithin the community. Next, a selection of applications of ion
channeling will be illustrated, paying particular attention to some
of the less-known – but extremely nice – work that optimally
exploited the strength of the technique. Along that line, specific
attention will be paid to potential pitfalls, weaknesses and
strengths of channeling, future opportunities, etc.
This paper is not aimed to review the full theory and all exper-
imental details of channeling (for which the reader is referred to
the many excellent textbooks and review papers written during
the past decades, even as early as the 70s), but will focus on how
it all started and illustrate that – despite the very carefully con-
ducted early experiments – many details and potential pitfalls
have meanwhile unfortunately been forgotten. Furthermore, I will
dwell on a number of the paramount advances, which brought
along the strength of the ion channeling technique, even beyond
its standard use. These include examples where ion beam analysis
has been driven to its extremes, where the experiment was per-
formed under exotic conditions, or where non-conventional
schemes or approaches were used – including progress in the
experimental set-up and in simulations of the channeling effect.
Moreover, I will reflect on the future of ion channeling during
the decades to come. It is anticipated that channeling will remain
competitive with and complementary to other characterization
techniques providing (local) structural information, including
synchrotron-based approaches and state-of-the-art electron
microscopy.
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milestone achievement during these 50 years is a nearly undoable
task – many more could (and should) have been included in this
paper. The final result is a personal selection, which definitely
leaves out a lot of fascinating work. These examples focus nearly
entirely on axial channeling of ions, thus largely leaving out planar
channeling (which can be extremely powerful for specific applica-
tions, but is experimentally more challenging and theoretically less
developed) and the use of other charged particles such as electrons,
positrons, muons, etc.2. The discovery of channeling
2.1. How it all started
Although channeling – i.e. the steering of charged particles
through high-symmetry directions of a crystal, in Lindhard’s words
– was discovered and developed approximately 50 years ago, it
could actually have been 100 years. In the early 20th century, M.
von Laue along withW.H. Bragg andW.L. Bragg tried to understand
the spotty patterns which were observed when an X-ray beam was
scattered from a crystal. At the time, they were not aware yet of the
wave nature of X-rays, so an explanation was sought using the con-
cept of light-particles (photons) passing through the crystal along
open ‘‘channels” between the atomic rows, a phenomenon they
called ‘‘Kanalisierung”, i.e. the German word for channeling
(Fig. 1). Within this context, the near-discovery of channeling came
soon after, in 1912, when Johannes Stark published his ideas on
scattering and absorption of b-rays and X-rays in crystals [1]. In
this paper, based on his previous experiments [2], he conjectured
that ‘‘ion rays” could penetrate deeper into the interior of a crystal
when they are parallel to specific planes.
Although Stark wanted to investigate this transmission of b-
rays and X-rays through crystals, he mentioned that he was unable
to do so at that time, but proposed which experiments needed to
be done and claimed that these considerations should be applica-
ble to a-radiation as well. However, the idea was not picked up,
and channeling remained unnoticed for another half century. In
particular, since the Bragg’s showed that X-ray diffraction is anFig. 1. The ‘‘Kanalisierung” experiment as suggested by Stark, illustrating non-
deflected and scattered beams. Reproduced from [1].interference effect, rather than related to channeling, the entire
‘‘channeling concept” got abandoned, even to the extent that the
early (coincidental) observations of channeling in the late 50s were
interpreted in terms of diffraction [3].
2.2. The first observations of channeling
In the early days of implantation, a lot of effort was put in deter-
mining depth profiles of both the implanted species and the
induced defects, and in measuring sputter yields. Quite often, these
studies were performed in the framework of ‘‘materials for nuclear
applications” projects, with emphasis on keV-energies and a broad
scope of projectile masses. In a number of reports, a clear evidence
of crystallographic effects on the implantation process showed up.
On the one hand, upon irradiation with 20 keV Ar or Ne, Rol et al.
[4,5] observed variations of the sputter yield of single crystalline
Cu with varying crystal orientation. Similarly, in their high-
energy sputtering experiments of fcc Cu, Nelson and Thompson
found strongly preferred directions for the ejection of atoms, which
they assigned to ‘‘momentum focusing” [6]. On the other hand,
when investigating the depth profile of implanted ions, Davies
and Sims observed inconsistencies with theory and with other
experimental data [7]. In particular, both Bredov and Okuneva [8]
and Davies, McIntyre and Sims [9] studied the depth profile of
4 keV implanted Cs in Ge. To determine the profile, they implanted
radioactive 137Cs and measured the remaining activity in the sam-
ple after consecutive etching steps. Surprisingly, the profiles mea-
sured by Bredov and Okuneva were orders of magnitude deeper
than those found by Davis, McIntyre and Sims, the latter agreeing
well with the LSS treatment. At the time, the authors did not real-
ize that Bredov used a single crystalline target, whereas Davies’
sample was amorphous, thus putting channeling forward as the
most likely explanation. Subsequently, the depth profiles of several
ion/target combinations were measured, many of them exhibiting
a small exponential tail extending very deep in the target (see
Fig. 2) [7,9].
Until then, attempts to explain this behavior focused on ‘‘in-
creased transparency” or alike phenomena. However, a crucial step
forward was made by Robinson and Oen, who simulated the trajec-
tory of keV Cu recoils in Cu, similar to those which are induced by
neutron bombardment of a Cu substrate. In their computer simula-
tion using structure-less targets, no signs of an exponential tail
were found. Conversely, when switching to crystalline targets
(Fig. 3), the first clear evidence of channeling was found – and
was first explained in terms of ‘‘Coulombic steering” – and pre-
sented at a conference in Paris in 1961 [10,11].
Very soon after, three groups independently produced experi-
mental confirmation of the computationally predicted channeling
effect. At Chalk River National Lab, depth profiles of radioactive
85Kr implanted in polycrystalline and single crystalline Al were
compared when implanting along several crystal directions [13].
On the other hand, in Munich, a similar approach was used for
studying 85Kr in Cu profiles [14]. The observed ‘‘tunnel focusing”
or ‘‘super range effect”, as the authors named it, confirmed the
results predicted by Robinson and Oen’s computer simulations.
The third experimental confirmation, at Harwell, was based on a
different approach. Nelson and Thompson measured the transmis-
sion of 50 keV protons through a very thin single crystalline Au foil,
as a function of azimuthal (to keep the path length of the beam
unaltered) rotation angle of the foil [15]. They found that the trans-
mission significantly enhanced at specific angles, when the beam
lined up with a h110i axis, and this effect was shown to remain
even for energies in the MeV range, hence in the electronic stop-
ping regime [16]. The latter was an important step in expanding
channeling towards the regime of interest for ion beam analysis,
whereas all previous efforts had focused on low-energy heavy ions,
Fig. 2. Depth profile of 10 keV (a) and 60 keV (b) 24Na ions implanted in aluminum,
showing a prominent tail deep in the substrate. Reproduced from [7].
Fig. 3. Depth distribution for 5 keV Cu ions on fcc Cu, for isotropic and h001i
incidence. Reproduced from [12].
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objections to explaining the above results by the channeling con-
cept could still be brought up, they were a more than firm support.
2.3. The era of channeling
Now that the first indications of channeling were found, things
could really take off. Actually, the real emergence of channeling
happened in 1964 in Aarhus, which was, according to John Davies,the ‘‘channeling explosion” [3]. In just a couple of months, ion
channeling was explored both theoretically and experimentally,
and nearly all major parameters governing the channeling phe-
nomenon were revealed. Looking back at it now, it was probably
a matter of (the coincidence of) having the right people together
at the right time at the right place. In 1964, Davies spent a sabbat-
ical in Aarhus, and brought his experimental data on implanted ion
ranges (many of them revealing an asymmetric profile with a pro-
nounced exponential tail), a manuscript by Dearnaley on channel-
ing in the high-energy electronic stopping regime and a set of good
single crystals, allowing detailed experimental channeling studies
[3]. Triggered by the experimental observations of channeling, Jens
Lindhard started investigating this phenomenon theoretically,
allowing him to present his theoretical framework in a matter of
merely two months and publishing his substantial channeling
paper one year later [17]. An important step in his approach was
to implement the concept of a continuum potential suggested a
year earlier by Lehmann and Leibfried [18] and Nelson and
Thompson [15], i.e. ‘‘smearing out” the potential of a row of atoms,
rather than considering collisions with individual atoms.
On the one hand, Lindhard’s theory provided two important and
commonly used equations, i.e. for the critical angle w1 and mini-
mum yield vmin, as well as the channeling/blocking reversibility.
W1 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Z1Z2e
dE
2
s
ð1Þ
vmin  pa2dN ð2Þ
In these equations, Z1 and Z2 are the atomic number of the par-
ticle and substrate atom, respectively, e is the elementary charge, E
the ion energy, a the Thomas–Fermi screening length, N the atomic
density of the target, and d the interatomic spacing along the direc-
tion of the ion beam. In the same seminal paper [17], Lindhard
already introduced the concept of the Rutherford shadow behind
one atom (i.e. the shadow cone) and the resulting redistribution
of ions away from the string of atoms. As a final comment on
[17], it should be mentioned that Lindhard emphasized the impor-
tance of thermal vibrations of the string atoms, as a ‘‘deviation
from the perfect lattice”. These vibrations have to be taken into
account when evaluating the string potential, and may eventually
reduce the channeling effect at high temperature, i.e. resulting in a
higher vmin and smaller w1. However, Lindhard pointed out that ‘in
measurements including changes of temperature, it should be pos-
sible to verify positions of ions in the lattice and even check vibra-
tions’. Examples of temperature dependent channeling
measurements will be discussed in Section 3.7.
On the other hand, the theoretical predictions triggered the
attention of experimentalists to the fact that the yield of violent
collisions in nuclear processes could be a handle for quantitatively
studying ion channeling – rather than focusing on implantation
profiles as had been mostly done so far. Indeed, since a channeling
ion experiences fewer violent collisions with target atoms, one
expects a lower probability for nuclear interactions, whatever the
nature of these interactions is – thus affecting sputtering, the range
of ions (nuclear stopping), nuclear reactions such as (p,c) and (p,n),
ionization and X-ray emission, (back)scattering. . . As a conse-
quence, the yield of sputtering, of NRA (nuclear reaction analysis),
PIXE (particle-induced X-ray emission), RBS (Rutherford backscat-
tering spectrometry). . . is expected to drop accordingly.
In July 1964, Bøgh, Davies and Nielsen developed a very simple
goniometer (using a long pointer to read out the angle) to study the
angle-dependence of the 405 keV (p,c) nuclear reaction on 27Al.
The measurement revealed a significant reduction in reaction rate
when aligning the proton beam with the h110i axis of the alu-
minum crystal – now referred to as ‘angular scan’ (Fig. 4). Their
Fig. 4. The 27Al(p,c) yield versus the angle between the incident proton beam and the h110i axis, for horizontal (left) and vertical (right) tilting. Reproduced from [20].
Fig. 5. Scattering yield as a function of the angle between a 400 keV proton beam
and the Al h110i (a) and Ta h100i (b) axis. Reproduced from [29].
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theory, in particular when taking the simple experimental condi-
tions into account. As such, this can probably be considered the
first ion beam analysis channeling experiment in our current
understanding of this terminology.
Both the experimental results by Bøgh et al. and the theory by
Lindhard were simultaneously submitted to Physics Letters by
the end of August, and published as back-to-back papers mid-
September [19,20]. For completeness, it should be pointed out that
Mike Thompson performed similar experiments at about the same
time [21], using a (p,c) reaction on Cu, later followed by several
groups exploring other approaches of channeling, such as using a
emitting implanted ions [22] or proton-induced X-ray emission
[23].
Although the discussion so far focused on channeling of the ions
of an external beam incident on a single crystal, Lindhard’s theoret-
ical treatise [17] already included the rule of reversibility: channel-
ing of a charged particle from an external beam (which provides
the probability of hitting a nucleus in the crystal) is equivalent to
the reversed process, i.e. channeling of particles emitted by atoms
located in the strings of the crystal (providing the angular distribu-
tion of emitted particles outside the crystal). Hence, the latter
approach – referred to as blocking – is equivalent to channeling.
This equivalence was not only theoretically investigated from the
very beginning, but also experimentally. Indeed, already in 1965,
blocking experiments using particles emitted upon implantation
of radioactive ions into a single crystal [24], particles scattered
from a single crystal [25] or both [26] proved the validity of the
reversibility principle and significantly helped in advancing the
understanding of channeling. For a review on channeling/blocking
of ions, electrons and positrons, their recent advances as well as
their applications, the reader is referred to [27].
The discovery of ion channeling coincided with the break-
through of RBS, and it became immediately clear that the latter
technique would offer ideal flexibility (in terms of a wide selection
of energies, atomic numbers, depth sensitivity. . .) to systematically
investigate the channeling behavior. In 1965, i.e. 50 years ago atthe time of the 22nd international conference on Ion Beam Analysis,
the first RBS/channeling experiments were done by Bøgh and
Uggerhøj using 400–1700 keV proton beams and Al and Ta single
crystals (Fig. 5) [28,29]. Their early reports confirmed the critical
angle predicted by Lindhard [19] and that the ions remain
channeled deep in the crystal.3. Channeling applications
After three exciting years, packed with pioneering experiments
and revealing fascinating new physics of ion–solid interactions, it
had become clear that channeling could be exploited to investigate
a wide variety of materials properties, all of them related in some
Fig. 6. 1 MeV He+ random and h111i aligned spectra for Ge implanted at room
temperature with various fluences of 40 keV In ions. Reproduced from [35].
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Undoubtedly, this transition was largely driven by James W.
Mayer. In the mid-60s, he investigated doping of semiconductors
by ion implantation, trying to unravel the observed relations
between the implantation/annealing temperature and the dopant
efficiency/distribution. Jim Mayer and John Davies joined forces
in investigating the behavior of ion-implanted silicon, particularly
using RBS/channeling. Within just a couple of years, they brought
the application of channeling in materials science to maturity,
hence their work played a decisive role in bringing channeling to
a new community [3].
In the remaining part of this paper, a selection of examples will
be reviewed, some of them being famous textbook examples,
whereas others remained less well-known despite their impor-
tance. Given the context of the Ion Beam Analysis conference, the
selected applications will largely deal with ion beam applications
(hence using an external ion beam), with particular focus on RBS.
The reader is referred to the outstanding books and reviews that
have been written on channeling for a broader overview of
channeling applications.
3.1. Efficiently observing channeling
Before taking off with the channeling examples, a comment is
made on the efficient detection of ion channeling. Throughout
these 50 years, the vast majority of the experiments have detected
the angular dependence of a nuclear process by performing a large
number of consecutive measurements using a slightly different
alignment of the sample with respect to the ion beam (or the angle
between the sample and the detector in case of blocking experi-
ments), i.e. constructing an angular scan. Hence, a large number
of measurements is needed in order to construct a one-
dimensional profile, a very time consuming exercise. However,
from the very beginning, ‘‘position-sensitive detectors” (PSD) have
been used in channeling studies, more precisely a photographic
plate to observe the entire ‘‘proton plot” of the crystal [25,30].
The advantage is twofold: on the one hand, all information is
captured at once rather than needing to repeat the measurement
for various alignments; on the other hand a full two-dimensional
pattern is obtained, offering more complete information compared
to a one-dimensional scan. Obviously – and unfortunately –
fluorescent screens do not provide any quantitative data. Therefore,
this approach got largely abandoned and it lasted approximately
until the 90s for a new generation of PSD’s to make their entrance
in channeling. However, the relatively limited energy resolution for
MeV a detection which was available in those days largely limited
their use to emission channeling (see below), rather than RBS/
channeling [31–33]. In a joint effort with nuclear scientists, there
has been renewed interest recently in using both pixel-based detec-
tors and resistive charge division photodiodes [34], hopefully paving
the way towards easier and high-throughput blocking/channeling
studies with a good energy resolution.
3.2. (Radiation) damage
Probably one of the most frequently-used applications of ion
channeling is the study of defects in crystal lattices. This approach,
brought to maturity in the 60s through investigations of
implantation-induced defects in semiconductors (as discussed
above – see, a.o. Ref. [35]), actually applies to damage generated
in any way, e.g., upon ion implantation or irradiation, upon thin
film growth, after thermal treatment. . . As an example, Fig. 6
shows the random and h111i aligned backscattering spectra for
germanium implanted with 40 keV In to various fluences [35].
The area under the ‘‘surface” peak (channels 75–82) is a direct
measure for the number of displaced Ge atoms. As clearly revealedfrom the channeling spectra, this fraction of displaced atoms
increases with increasing implantation fluence, until finally reach-
ing the random level, indicating all Ge atoms have been displaced
from their lattice site (i.e. amorphization).
A specific strength is that channeling spots every (even slightly
– as little as 0.1 Å) displaced atom, and that quantitative and
direct information is obtained without the need for neither com-
plex modeling nor for working in reciprocal space. Moreover, as
opposed to many other techniques used in defect studies, channel-
ing benefits from the inherent depth resolution and mass selectiv-
ity of RBS, or the element and isotope sensitivity of PIXE and NRA,
respectively. On the other hand, two drawbacks are that one
merely detects that the atoms are displaced, and that the informa-
tion is averaged over the entire beam spot area. Quite often, more
detailed qualitative information is required by the materials scien-
tist, hence extra information with other (complementary)
approaches must be obtained. As illustrated by a vast amount of
reports, the combination of channeling with, a.o., TEM (transmis-
sion electron microscopy) or XRD (X-ray diffraction), often proves
to be an ideal marriage.
Going back to the early days, it is striking how extremely
detailed and carefully the pioneering studies were performed
[35,36]. This will be illustrated by briefly discussing three experi-
mental aspects. First of all, already then it was realized that a
proper conversion of the energy of the backscattered ions to a
depth scale is only obtained when taking the different (electronic)
stopping power in channeling geometry into account. Indeed,
Erginsoy et al. showed that the stopping power in random and
aligned geometry can differ by more than a factor of two [37].
Based on Bohr’s equipartition rule, they suggested that this reduc-
tion in electronic energy loss is mainly due to the lower number of
close impact-type collisions for a symmetric direction. Obviously,
Fig. 7. Experimental (histogram) and simulated (curves) backscattering spectra for
2 MeV He ions channeled in h100i GaP. Reproduced from [40].
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ing damage, the stopping power will gradually increase from its
value along a channeling direction towards the random value.
A second important issue dealt with in early experiments is the
fact that (back) scattering (or any other nuclear interaction) can
occur after (i) hitting a displaced atom, or (ii) when colliding with
a substitutional atom after an incoming ion was dechanneled
in the damaged region. Only the former provides information on
the defect fraction, hence the latter (i.e. the dechanneling fraction)
must be subtracted from the experimental spectrum in order to
assess the defect density. A direct consequence of the dechanneling
is that the backscattering yield originating from the undamaged
(deeper) part of the crystal (channels 60–75 in Fig. 6) does not
exhibit the low level expected for undoped germanium. As seen
from the figure, the yield in this deeper region increases with
increasing defect concentration in the near-surface region, i.e.
increasing dechanneling of the incoming beam. To disentangle
these two contributions to scattering, a procedure first suggested
by Bøgh is typically used [38]. This approach basically constitutes
a two-beam model, with the channeled beam yielding the defect
density, and the random beam providing the dechanneled fraction,
resulting in a simple equation to extract the defect density from
the measured minimum yield:
vðxÞ ¼ f RðxÞ þ ð1 f RðxÞÞf
nDðxÞ
N
ð3Þ
where fR(x) and (1  fR(x)) are the random and channeled fraction of
the beam as a function of depth x, respectively, f is the defect scat-
tering factor, N is the atomic density and nD(x) the defect depth pro-
file [39].
Finally, the extracted defect fraction directly depends on the
measured minimum yield, hence on the quality of the random
spectrum that was captured. Although this may look a simple cri-
terion to meet, great care should be taken to measure the random
spectrum in a geometry far enough from the crystalline direction
(to avoid the increased yield in the ‘‘shoulders”) while avoiding
minor channeling contributions, mostly as a result of partial planar
channeling. Therefore, the random spectrum is ideally measured at
least 5–7 away from the axis (in a direction that has the least
impact on the energy-to-depth conversion), preferentially while
keeping the sample azimuthally rotating throughout the
measurement.
As mentioned above, all of these potential experimental pitfalls,
i.e. (i) constructing a proper depth scale (using a reduced electronic
stopping), (ii) subtracting the dechanneling fraction, and (iii) mea-
suring a good random spectrum, were carefully taken into account
in the early studies by a.o. Mayer and Davies [35,36], but are unfor-
tunately often overlooked nowadays.
Whereas the defect depth profile can be quantitatively assessed
by ion channeling, obtaining information on the nature of these
defects is by far less straightforward. Although the different depen-
dence of the defect scattering cross section on varying energy
could in principle allow to identify defects [39], this approach is
in practice far from ideal, in particular when several types of
defects are simultaneously present. Alternatively, simulating the
channeling energy spectrum can be much more beneficial and a
number of efforts clearly underline how powerful this approach
can be. As an example, I refer to the Monte Carlo simulations per-
formed by Turos and co-workers [40]. Extending the approach
originally outlined by Barrett [41], they used a binary collision
model to simulate the channeling spectrum. Fig. 7 shows the
results for a 2 MeV He beam channeling along the GaP h100i axis,
for an ideally collimated ion beam (A), a beam divergence of 0.1
(B), and when increasing the vibration amplitudes (C–E). These
simulations clearly show how minor variations in the samplestructure or the experiment can drastically change the channeling
behavior.
Still, this code (and a number of similar attempts by other
groups) only assumes randomly displaced atoms (RDA). On the
other hand, McChasy (Monte Carlo CHAnneling SYmulation) [42]
also takes dislocations into account. The power of this approach
was illustrated for Ar implantation into a SrTiO3 substrate for
which the implantation depth profile was estimated by SRIM, a
Monte Carlo code which simulates the stopping and range of ions
in randommedia [43]. When considering only RDA’s, an acceptable
simulation of the channeling spectrum could only be obtained
when assuming an unrealistically deep defect profile. On the other
hand, allowing the presence of dislocations as well results in a very
good fit which yields a depth distribution in good agreement with
SRIM calculations [42].
A number of other IBA codes also attempt to simulate channel-
ing spectra, such as RBX [44], BISIC [45]. . . For more details, the
reader is referred to an IAEA intercomparison of IBA software
[46]. However, the number of codes considering channeling is
rather limited compared to the wealth of packages available for
detailed simulation of random spectra. Moreover, these programs
typically don’t match the user-friendliness of their random coun-
terparts either. Still, it is clear that this approach is very promising
and potentially extremely powerful. Therefore, it is both a chal-
lenge and an opportunity to further exploit efforts in this direction.
On the one hand, it may allow retrieving information on the nature
of defects from a channeling spectrum (or alternatively, predicting
the impact of a specific type of defects on the channeling behav-
ior); while on the other hand it can be an important step towards
directly linking the structural defects observed by channeling to
those measured by other (also non-structural) characterization
techniques.
From the above discussion, it is clear that channeling is ideal for
quantitatively investigating defects, since the yield scales with the
defect fraction. Conversely, one can wonder whether an increased
yield necessarily points towards a defected crystal. Although one is
inclined to answer positively, a beautiful study by Bai and Nicolet
[47] shows that this is not necessarily the case. In particular, when
dealing with a polyatomic crystal consisting of light and heavy
atoms, such as ReSi2, channeling along non-mixed rows (i.e. rows
consisting of either Re or Si) has to be revisited. As a result of the
much smaller critical angle along the Si rows compared to the
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square root of the atomic number, i.e. 14 and 75 for Si and Re,
respectively), there is a significant probability that ions dechannel
from a Si atom after first impinging (and remaining channeled!)
close to a Re column. The authors show – theoretically and exper-
imentally – that this effect can drastically enhance the Si minimum
yield (by a factor of up to 5) while leaving the Re minimum yield
unaffected (Fig. 8). Hence it could lead to the erroneous conclusion
that a large fraction of the Si atoms is displaced.
This ‘‘two-component model” has been extended to planar
channeling, and applied to the case of epitaxial ErSi2x layers of
excellent crystalline quality [48]. In a similar way to axial channel-
ing, mixed planes lead to a channeling behavior in accordance to
the Lindhard formalism. On the other hand, for planes consisting
of either only Er or only Si, a second component has to be added
to the minimum yield. This component is very small for the Er sig-
nal, whereas the (10 10) minimum yield for Si increases to 74%! In
the case of ErSi2x, this effect is further enhanced by the presence
of Si vacancies, and can even result in certain planar dips to
completely disappear for the light element signal.
Finally, when assessing damage in single crystals, it is impor-
tant to keep in mind that the extended ion irradiation required
for the channeling measurements can induce defects itself. In this
respect, ion beam analysis is not as non-destructive as often
claimed. In particular for semiconductors, which are less resistant
to irradiation damage than metals, a significant fraction of the
defects generated during the ion bombardment do not recombine.
Benzeggouta and Vickridge report on the damage accumulation in
germanium and silicon upon a number of consecutive RBS/chan-
neling measurements using a 1.57 MeV He beam [49]. After each
measurement, a significant increase of the minimum yield is
observed, in particular in the low-energy part of the spectrum.
For silicon, a less radiation-sensitive material compared to germa-
nium, this effect is by far less pronounced. However, even when no
additional structural defects are observed after extended beam
exposure (i.e. no increase of the minimum yield), one has to realize
that other effects may manifest, such as elastic strain induced by
the ion irradiation, or modification of the electrical, magnetic or
optical properties [49].
Beam-induced defect accumulation is even more problematic
for microbeam channeling, as reviewed by Jamieson et al. [50
and references therein] and Piette and Bodart [51]. Indeed, the
extremely high fluence (up to 1019 He/cm2) required to obtainFig. 8. Normalized backscattering yield as a function of tilt angle, showing a
drastically enhanced minimum yield for the Si signal of the ReSi2. Reproduced from
[47].statistically relevant data from a tiny area of the sample results
in significant local defect fractions, yielding minimum yield values
of 80% and above. Moreover, besides inducing defects in the host
lattice, perturbation of the lattice location of impurity atoms (as
discussed in detail in Section 3.5) may occur as well [50,52].
Besides defects induced in the sample interior, carbon buildup
at the sample surface can occur as a result of the cracking of
hydrocarbon molecules by the impinging energetic ions, a com-
monly known phenomenon when the scattering chamber is not
equipped with oil-free vacuum pumps [49]. This thin carbon layer
results both in an energy shift of the spectrum and in dechanneling
of the ion beam, both of which directly affect the channeling
measurement.
3.3. Lattice structure
As explained above, a typical channeling measurement consists
of measuring the variation in nuclear interaction yield as a function
of the orientation between the ion beam and the crystal.
Consequently, the position of and the mutual angles between the
different crystalline directions (in casu crystal axes) can be deter-
mined – to a precision depending on the accuracy of the goniome-
ter and the beam divergence. However, one can obtain more than
just the location of these axes. The different interatomic spacing d
along various axes will result in different critical angles for
channeling, according to Eq. (1). As an example, Table 1 shows
the normalized value of the interatomic spacing for the major axial
directions of a number of simple cubic structures [53]. Since the
critical angle is inversely proportional to the square root of d, the
various axes can easily be distinguished, hence the lattice structure
and orientation determined.
As can be imagined, such experiments are rather complicated
and time-consuming. Since the same information can also be
obtained much easier and faster (and often with higher precision)
using diffraction techniques such as XRD, one may wonder why
channeling should even be considered. However, once again, the
depth and element selectivity of ion beam analysis can often out-
perform diffraction techniques. As an example, Dekoster et al.
investigated the lattice structure of a 2 nm-thin Co film sand-
wiched between two Fe thin films [54]. Whereas bulk Co typically
exhibits an fcc or hcp lattice structure, it was anticipated that the
two adjacent Fe layers could stabilize Co in a bcc structure. The lim-
ited amount of material along with a nearly equal lattice constant
of cubic Fe and cubic Co make XRD unsuitable to determine the Co
lattice structure. Conversely, the ratio of the critical angles for
channeling along the h001i and h011i direction, respectively, var-
ies from 1.19 for bcc to 0.84 for fcc. The experimentally determined
ratio of 1.23(4) for the Co signal (Fig. 9) clearly indicates that this
2 nm thin Co film assumes a metastable bcc structure.
3.4. Elastic strain measurement
As explained in Section 3.3, with a well-calibrated high-
precision goniometer, one cannot only determine the nature of
the axis, but the exact position as well, allowing the assessment
of elastic strain (i.e. distortion of the lattice). In case of lattice-
mismatched epitaxial thin films or multilayers, the elastic strainTable 1
Normalized values of the interatomic spacing for the major axial directions of simple
cubic structures [53].
Structure h100i h110i h111i
fcc 1 1/
ﬃﬃﬃ
2
p ﬃﬃﬃ
3
p
bcc 1 1/
ﬃﬃﬃ
2
p ﬃﬃﬃ
3
p
/2
NaCl 1/2 1/
ﬃﬃﬃ
2
p ﬃﬃﬃ
3
p
/2
Fig. 9. Angular yield profiles for a 2 nm thin Co layer (in an Fe/Co/Co stack) along
the h001i and h001i axis. Reproduced from [54].
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axes. Fig. 10 schematically illustrates the example of a thin film
with a cubic lattice, which is ‘‘forced” to adapt to a cubic substrate
with a slightly larger lattice parameter. The angle with respect to
the perpendicular direction can either increase (in case of tensile
strain, as shown in Fig. 10) or decrease (for compressive strain).
From a precise measurement of the angular change (the so-called
kink angle, DW), the tetragonal distortion eT (i.e. the difference
between the parallel and perpendicular elastic strain) can be
directly determined:Fig. 10. Schematic diagram showing that the non-normal channeling axes of a (partially)
Reproduced from [57].eT ¼ DWsinWsub  cosWsub ð4Þ
withWsub the angle of the non-normal axis with respect to the per-
pendicular direction for a relaxed lattice, i.e. Wsub = 35.26 for the
h110i and the h114i axes shown in Fig. 10. This approach has
already been demonstrated in the 80s, a.o. in studies of thin silicide
layers [55,56].
Again, as was the case for the lattice structure, the question
arises why one should not rely on the much simpler and more sen-
sitive XRD technique. However, as opposed to RBS/channeling, XRD
only provides information averaged in depth and it lacks element
selectivity. The power of channeling is illustrated for a Si h111i/
CoSi2/Si/CoSi2/Si multilayer, for which XRD cannot distinguish
between the two silicide layers, and neither between the Si top
layer, interlayer and substrate. Moreover, the comparable lattice
constant of Si and CoSi2 further limits the sensitivity. On the other
hand, RBS both separates the signals of Co and Si, and provides a
depth profile (Fig. 11) [58].
When plotting the backscattering yield as a function of angle
around the h110i and h114i axes (both 35.26 away from the
h111i normal direction, one at either side), the axial position can
be determined for every individual layer in the stack, revealing that
both silicide layers are equally strained (tensile strain in the cur-
rent example), whereas the thin Si layer in between the silicides
is relaxed (Fig. 12).
Moreover, the very different critical angle (Eq. (1)) and mini-
mum yield (Eq. (2)) allow to easily distinguish between the
h100i and h114i axes. From Fig. 12, it is clear that the thickest sili-
cide layer is fully aligned with the Si (i.e. it exhibits the same ori-
entation for all crystal axes) whereas the thinnest film is
azimuthally rotated by 180, i.e. the h100i and h114i axis have
changed positions. Obviously, this approach is not limited to mul-
tilayer stacks, but can also be applied to study the depth depen-
dence of elastic strain in thick films or even in bulk samples, by
simply using appropriate regions of integration when constructing
the angular scans [59]. This approach has a depth sensitivity which
is only limited by the inherent depth resolution of the ion beam
technique that was used.strained thin film are misaligned relative to the corresponding axes of the substrate.
Fig. 11. Random and h111i aligned RBS spectra for a Si/CoSi2 multilayer (see inset),
allowing depth-dependent strain measurements. Reproduced from [58].
Fig. 12. Angular scans around the h110i and h114i axes for three layers of the
sample from Fig. 11. Reproduced from [58].
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to significantly enhance the sensitivity of channeling-based strain
measurements. Without going into detail, I will just briefly referto two of them. First, S.T. Picraux and W.K. Chu developed
catastrophic dechanneling in strained-layer superlattices, involving
a resonance between the planar channeling trajectory wavelength
and the superlattice period [60,61]. At resonance, they observe a
very abrupt (and complete) dechanneling at a specific depth, which
is linked to the misalignment of the ion beam to the surface axis.
With the use of a modified harmonic model, the strain is extracted
with very good accuracy. In particular for superlattices lacking a
high degree of perfection, this approach can compete with tech-
niques as XRD and TEM [61]. On the other hand, Ijzendoorn and
coworkers relied on the varying flux distribution as a function of
the angle between the ion beam and the axis, to very accurately
deduce the strain in extremely thin buried films [62,63]. The pres-
ence of this strained film results in a step in the substrate signal
for channeling along a non-normal direction. From the dependence
of the size of this step on the (small) misalignment from the non-
normal axis, the strain can be very accurately determined. In both
examples, the optimal tuning of the ion flux in the axis or plane is at
the origin of the very high sensitivity of the strain measurement.
Despite the very nice illustration of the physics of channeling,
the complexity of such experiments has prevented their wide-
spread use, and the reader is referred to the literature for further
details on these models.
A final note on strain assessment with ion channeling concerns
the impact of steering effects. In principle, when the ion beam is
perfectly aligned with a non-normal axis of a lattice-mismatched
thin film, no (or limited) channeling should occur in the substrate
as a result of the kink angle, i.e. the ion beam is not aligned with
the axial direction of the substrate. However, particularly for very
high-quality, very thin films with a kink angle equal to or smaller
than the critical angle, a major fraction of the ion beam is steered
across the interface into the substrate axis [64,65]. Steering is par-
ticularly important at low energy, as a result of the larger critical
angle (Eq. (1)). Although the steering effect, its energy dependence
and its impact on strain measurements are known for a long time
[64,65], it has more recently been systematically investigated by
combining high-precision, energy-dependent experiments with
FLUX simulations (see below), using an AlInN thin film on a GaN
substrate as a model system [66]. Whereas, as expected, the angu-
lar scan exhibits only one dip in the AlInN signal, two minima are
found for the GaN substrate: one at the expected position for
relaxed (i.e. bulk) GaN, and one at the angular position of the thin
film axis (Fig. 13). The latter peak, which is due to ions which were
steered across the interface into the (misaligned) GaN axis,
becomes less pronounced as the beam energy increases. However,
it should be stressed that its intensity is still very significant at
2 MeV, i.e. a standard energy value in many labs. Additionally,
comparison of the experimental data to FLUX simulations reveals
that the steering effect not only generates a second peak, but also
shifts the position of the main peak – thus resulting in an erro-
neous strain measurement. As shown by Lorenz et al., simulations
are thus crucial to deduce the correct strain value [66].
3.5. Impurity lattice location
Since many decades, researchers have been intensively search-
ing for techniques to accurately determine the lattice site of impu-
rities in crystals. These impurities can be both detrimental (e.g.,
creating deep centers in the bandgap of a semiconductor) or bene-
ficial (e.g., electrical, optical, magnetic. . . doping). The exact posi-
tion occupied by the impurity in the host lattice will determine
whether or not it is active as a deep center or dopant. From the
early days of channeling, it became clear that this technique is ide-
ally suited to directly determine lattice positions in single crystals,
i.e. without the need for sophisticated modeling, as is required to
interpret the data obtained by other suitable techniques as
Fig. 13. 2 MeV angular scans for In (InGaN thin film) and Ga (GaN substrate), along
with Monte Carlo simulations (see text for explanation). Reproduced from [66].
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troscopy, perturbed angular correlation. . . [67].
Although in most crystals, impurities can assume a whole zoo of
different positions [68], the methodology will be illustrated by
focusing on two main categories: substitutional sites (i.e. impurities
replacing a host lattice atom) and interstitial sites (impurities occu-
pying any other position in the host crystal). The latter can be
either regular or random interstitials. In the simplest approach,
substitutional impurities contribute to the channeling behavior
in a similar way as the host atoms do, whereas interstitial impuri-
ties do not share the crystallographic symmetry of the host crystal
and consequently result in dechanneling (Fig. 14) [39]. Hence, the
yield of violent-collision nuclear processes (backscattering, nuclear
reaction, X-ray emission. . .) should provide a quantitative measure
of the non-substitutional fraction.
In fact, in their early studies of Sb-implanted Si (see Section 3.1),
Davies and Mayer not only observed channeling in the Si substrate
– from which they could determine the formation and recovery of
defects – but in the Sb signal as well [36]. From this observation
they concluded that Sb is positioned along the row of Si atoms.
However, they realized that in order to fully determine the lattice
site, a measurement along one crystallographic direction is insuffi-
cient. Indeed, from the channeling behavior, one only deducesFig. 14. Schematic of channeling trajectories and the interaction of the channeled ions
[39].displacements away from the atomic row in the direction
perpendicular to the axis. Therefore, the authors performed
channeling experiments along two major axes, in casu h111i and
h110i. From the fact that both geometries exhibited channeling,
they concluded that Sb occupies substitutional sites. Since then,
channeling has become a routine technique to determine the
position of impurities in single crystalline hosts, making optimal
use of the inherent strengths of the ion beam technique, such as
mass resolution, depth resolution, element or isotope selectivity,
high sensitivity to low concentrations, etc. The substitutional frac-
tion can be directly deduced from a comparison of the minimum
yield in the host (vhostmin ) and impurity (v
imp
min) signal, respectively:
f imps  1
vimpmin  vhostmin
1 vhostmin
ð5Þ
However, the great care the authors took in what is often con-
sidered the first channeling lattice location study [36], is unfortu-
nately no longer systematically followed. Plenty of studies claim
substitutionality from merely one measurement, most often along
the axis perpendicular to the sample surface. This potential pitfall
is best illustrated by the textbook-example study of Yb-doped Si
[69]. Indeed, Andersen et al. observed excellent channeling effects
in both the Si crystal and the Yb signal when aligning the ion beam
along either the h100i or h111i direction. Hence, one is inclined to
positively confirm the substitutional position of Yb. However,
when repeating the experiment along the h110i direction, rather
than a reduction of the Yb backscattering yield, a significant
enhancement was observed, to a value largely exceeding the yield
of a random measurement – whereas the channeling effect in the
Si signal remained unaffected (Fig. 15)! Putting the results of the
three measurements together, it was concluded that Yb occupies
a position in the center of the conventional diamond unit cell, i.e.
in the center of the ‘empty cage’. Whereas this is a highly symmet-
ric site, it is not a substitutional position since the impurity does
not replace a host atom – resulting in channeling along several
directions (e.g., h100i, h111i. . .), but not along all of them (e.g.,
h110i). The fact that the yield largely exceeds the value expected
for random incidence has been explained by the flux peaking effect
[69–71], i.e. the channeling effect itself focuses the He ions towards
the middle of the axial Si channels, exactly where the Yb atoms
reside, resulting in a higher scattering probability. In conclusion,
measuring along several independent directions is absolutely
indispensable for accurate lattice location.
A specific strength of channeling is that the respective site occu-
pations can be quantitatively determined. From a comparison ofwith surface atoms and substitutional and interstitial impurities. Reproduced from
Fig. 15. 1 MeV He angular scan along the h110i direction for Yb-implanted Si.
Reproduced from [69].
Fig. 16. Experimental (symbols) and fitted (lines) angular scans for Eu-implanted
GaN along a perpendicular (a and c) and non-normal (b and d) axis, after annealing
at 900 C (a and b) and 1000 C (c and d). Reproduced from [73].
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(reflecting the crystalline quality of the host), the substitutional
fraction can be easily calculated (Eq. (5)). This is by far the simplest
approach, and the one most frequently used. However, as pointed
out above, one should be particularly careful when limiting the
experiment to (i) merely one channeling geometry and/or (ii) just
a random and aligned spectrum.
On the other hand, recording the full angular scan provides a
wealth of extra information. Both the minimum yield and (partic-
ularly!) the critical angle are very sensitive to minor displacements
from the ideal site. These displacements can be static or dynamic
(i.e. an increased vibration amplitude). Small displacements will
typically result in a narrowing of the channeling dip, whereas large
displacements (ultimately towards the middle of the channel)
result in significantly enhanced yields as well, as illustrated above
for the h110i scan of Yb-doped Si (Fig. 15).
Although such angular scans contain very valuable and detailed
information on the exact lattice positions, it requires computer
simulations to extract accurate quantitative numbers. One very
successful code is FLUX [72], a Monte Carlo program which treats
the nearby atoms in a binary collision model whereas the sur-
rounding atoms are considered as continuum strings, and further-
more takes impact-parameter dependent electron interactions as
well as (correlated) thermal lattice vibrations into account. As an
example, Fig. 16 shows the h0001i and 10 11 scans of Eu-doped
GaN [73]. At first glance, the nearly coinciding profiles of Eu and
Ga infer nearly perfect substitutionality of Eu. However, careful
analysis with the FLUX code clearly indicates that the Eu atoms
are displaced by 0.24 (3) Å along the direction of the c-axis for
a sample annealed at 900 C. Upon further annealing at 1000 C,full incorporation of the Eu dopants into the Ga sites occurs. Con-
sidering the vast amount of lattice location studies using ion chan-
neling, there is undoubtedly a great opportunity for more frequent
use of such simulation codes, hence fully exploiting the wealth of
information which is contained in the experimental data.
But was the pioneering work by Davies and Mayer [36] really
the first lattice location study? Actually it wasn’t: already in
1965, Domeij and Björkvist determined the lattice site of Rn in
W, using a different approach to channeling [24]. Inspired by the
earlier work using the Al(p,c)Si resonance induced with an exter-
nal proton beam [20], they conducted a similar experiment with
charged particles originating from within the crystal. To this end,
they implanted a very low fluence of radioactive 222Rn into a W
h111i crystal. The subsequent decay of these radioactive isotopes
to 218Po is accompanied by the emission of an a particle with an
energy of 5.49 MeV. As explained in Section 2.3, according to the
rule of reversibility, these a particles undergo exactly the same
channeling as those of an external ion beam impinging on a crystal,
hence also revealing the lattice site of the (a-emitting) impurity.
Consequently, the first lattice site study applied what is now
known as emission channeling. The experimental conditions were
very simple (using wedges instead of a goniometer to change the
direction between the crystal axes and the detector) but clearly
showed very pronounced channeling effects, from which a substi-
tutional lattice site could be determined.
In the following decades, emission channeling seemed largely
forgotten for a long time, until it revived in the 80s, with major
efforts by Lindner, Hofsäss and Wahl (see Refs. [31,32,68] for
reviews on emission channeling). In particular, the use of (i) two-
dimensional position-sensitive detectors [33] and (ii) detailed sim-
ulation codes greatly enhanced the sensitivity and accuracy of the
technique, respectively. Later on, in the 90s, electron emitting iso-
topes were largely exploited as well [68,33]. Being charged parti-
cles, electrons undergo a similar channeling effect along
crystallographic directions – except that the potential is attractive
rather than repulsive (due to the negative charge) and that the ana-
lytical treatment is done in a quantum mechanical and relativistic
way. To this end, Hofsäss and Lindner developed the ‘‘Many-beam”
computer code [31], based on the same approach as used in
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channeling pattern is simulated for a specific impurity/host combi-
nation and for a large number of possible impurity sites, as well as
for displacements from these ideal sites. Finally, a fit of the two-
dimensional experimental pattern to the simulations allows to
deduce the lattice site(s) occupied by the impurities. Obviously,
the availability of a beam of radioactive isotopes with suitable
half-life and a suitable energy of the emitted particles remains a
bottleneck for emission channeling. Currently, most of the experi-
ments are performed at the ISOLDE facility in Cern, where the first
successful on line emission channeling measurements were lately
done [74,75], very recently even while measuring during the
radioactive implantation [76].
One of the major advantages of emission channeling is that the
captured data solely originate from the radioactive impurity, hence
showing no substrate signal. Therefore, this approach is extremely
suitable to investigate the lattice site of low concentrations of light
impurities in heavy matrices, a combination which is virtually
impossible with RBS/channeling. Moreover, the sensitivity and
accuracy obtained when using a PSD and proper data analysis
allow resolving minor fractions, even in the presence of a much
larger fraction which dominates the spectra [77,78].
As an example of the latter, Fig. 17 shows emission channeling
patterns after implanting radioactive 56Mn implanted into GaNFig. 17. Normalized 56Mn(GaN) emission channeling patterns in the vicinity of 4 different
on SGa and SN sites, respectively. Reproduced from [78].[78]. Panels (a)–(d) are two-dimensional emission patterns col-
lected in the vicinity of four major crystal axes, with the color rep-
resenting the yield. From these patterns, the crystal symmetry is
clearly revealed, with the major planes intersecting along the axial
direction. Experimental data were captured along 4 axes (i.e. more
than strictly needed to determine the lattice site, thus enhancing
the accuracy of the analysis) and compared to simulations using
the Many-beam formalism. In these simulations, the authors con-
sidered probes located in the wurtzite lattice on substitutional
Ga (SGa) and N (SN) sites with varying rms-displacements, a num-
ber of interstitial sites, i.e. tetrahedral (T), octahedral (O), hexago-
nal (H), bondcentered (BC) and antibonding (AB), as well as
interstitial sites resulting from displacements along the c or the
basal directions. For all four directions, the best agreement was
obtained for Mn atoms replacing Ga, as is expected from their
chemical similarity. However, when allowing a second site, a fit
with SGa and SN double occupancy (Fig. 17e–h) consistently gives
the best fit compared to any other combination of sites or to the
SGa single occupancy. The optimal site occupancy is 81% SGa and
19% SN. The sensitivity of this approach is illustrated in Fig. 18,
which shows the reduced v2 of the fit as the second (non-SGa) site
is moved along the c-axis between two neighboring SGa sites, i.e.
also assuming AB, T, SN and BC sites. As soon as the Mn impurity
is displaced a few tenths of an Å away from the SN antisite, theaxes: (a–d) experimental patterns; (e–h) best fits corresponding to 81% and 19%Mn
Fig. 18. Reduced v2 of the fits for 56Mn(GaN) using two sites, i.e. SGa and an
intermediate position along the c-axis (see schematic on top). Reproduced from
[78].
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axis, which is the most sensitive direction to distinguish between
Ga and N rows [78].
3.6. Mosaic spread
Obviously, the entire discussion so far silently assumed a per-
fectly single-crystalline host. Any deviation from such ideal crys-
tallinity will significantly impact the channeling behavior. This is
already clear from the equation used to calculate the substitutional
fraction (Eq. (5)) which includes the substrate minimum yield. A
specific example of non-ideal crystallinity is mosaic spread,
whereby the crystal consists of individual grains which are slightly
misoriented with respect to one another. As a consequence, the
position of the axial and planar directions is no longer uniquely
defined, but slightly varies over an amount which can be equal
to or even larger than the ion beam divergence (i.e. a few tenths
of a degree). In this case, the channeling effect is ‘‘smeared out”
over a wider angular range of alignment, and the angular scans
become broader and less deep. This smearing-out is clearly illus-
trated in the two-dimensional (emission) channeling pattern along
the [1101] axis of 167mEr implanted in AlN, a material that often
suffers from severe mosaicity [79,80]. As shown in Fig. 19, the typ-
ical planar directions normally visible in channeling patterns (cf.
Fig. 17) are replaced by a blurry ‘‘hump” and the ‘‘best fit”, with
only 22% of the Er on a regular site, does not agree well with the
experimental pattern [80]. Moreover, the measurements along 4
independent axes could no longer by consistently fitted: theFig. 19. Normalized 167mEr(AlN) emission channeling patterns in the vicinity of the h110
when assuming a perfect crystal (middle); and fit taking the mosaicity into account (rigobtained substitutional fraction decreases as the angle between
the measured axis and the surface normal increases. However, a
detailed XRD study of the mosaic structure of the samples, taking
not only the tilt of the grains into account, but also their in-plane
twist [81], allows to incorporate the real sample structure in the
simulation code. Using this approach, good fits to the experimental
data are obtained (Fig. 19), yielding the same value for the substi-
tutional fraction for all 4 axes, approximately 60% in this example.
This approach is possible for all channeling experiments, including
RBS/channeling, as long as quantitative information on the mosaic
structure (i.e. the tilt and twist) is available for each sample.3.7. Thermal vibrations
Already in Lindhard’s model [17], it was shown how vibrations
have a direct impact on the values of the minimum yield and the
critical angle (see Section 2.3). Hence, thorough knowledge of the
vibrational properties of the sample (including its impurities) is
crucial for good analysis or modeling – a non-trivial challenge!
This can be of particular importance when determining the lattice
site of impurities, since their vibrational amplitude can differ sig-
nificantly from that of the host atoms. In most cases, thermal vibra-
tions are incorporated using, e.g., the Debye model. Considering
the simplifying assumptions of that model as well as the fact that
it averages over the crystal, it would be worthwhile to explore the
incorporation of ab initio calculated phonon spectra, which are
known to be more accurate in many cases.
From the experimental point of view, the thermal vibration
amplitude can be easily tuned by varying the sample temperature.
Whereas the channeling effect will ultimately completely vanish at
elevated temperature, when lowering the temperature (which is
not trivial when using a high-precision goniometer) the minimum
yield decreases while the critical angle increases – in a way already
predicted by Lindhard’s theory [17] and refined by Barrett’s com-
puter simulations [41]. This effect, which was already experimen-
tally demonstrated by the early blocking experiments of Tulinov
et al. [25], has been regularly used to study phonon-related prop-
erties, a beautiful example of which is Lynn Rehn’s investigation
of high-temperature superconductors.
When measuring the width of the [001] angular scan of
(Bi1.7Pb0.3)Sr2CaCu2Ox single crystals as a function of decreasing
temperature, an overall increase as expected from Barrett’s formal-
ism is observed [82,83]. Fig. 20 shows this behavior for three inte-
gration windows, representing the Bi–Pb, Bi–Pb–Sr and Bi–Pb–Sr–
Cu signal, respectively. However, at the critical temperature for
superconductivity (Tc = 90 K) a very sudden jump in width is
observed for the scans of the integration window containing the
Cu signal. Further PIXE measurements confirmed that an abrupt
transition in the channeling width occurs for Cu. As such,
this behavior may not be surprising since superconductivity1i axis: experimental pattern from a sample with mosaic structure (left); ‘‘best fit”
ht). Reproduced from [80].
Fig. 20. FWHM of the h001i RBS angular scans of (Bi1.7Pb0.3)Sr2CaCu2Ox, as a
function of temperature. Three integration windows were used, each representing a
different combination of elements. Reproduced from [82].
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nomenon. However, once again, it is the element specificity of
the ion beam techniques that allows to unravel the specific role
of Cu in the superconductivity.3.8. . . .and much more!
As outlined in the beginning, this paper primarily focuses on
RBS/channeling, largely ignoring alternatives based on NRA or
PIXE. Among the many topics which were not mentioned, is for
instance the characterization of nanoscale materials, e.g., nano-
wires and (embedded) quantum dots [84]. While these systems
typically have a dimension which is (much) smaller than the depth
resolution of the ion beam analysis technique, very valuable inte-
gral information can be obtained, a.o. by cleverly designing the
experiment and the sample structure. Examples are the strain in
multiple quantum wells (very comparable to the experiments by
W.K. Chu et al. and Selen et al. described in Section 3.4) or the crys-
tallinity and elastic strain in buried nm-size quantum dots. Since
the size of these systems is much smaller than the wavelength of
the channeled ion, simulations are indispensable for a correct
interpretation of the angular scans [85].
Alternatively, using channeling in combination with high-
resolution RBS allows to drastically improve the depth resolution.
This can for instance be achieved by using magnetic spectrometers
(as was actually done in the very first experiments in the late 50s),
eventually at low or medium energy, ultimately achieving mono-
layer depth sensitivity, as shown by Kimura et al. [86]. On the other
hand, high lateral resolution is obtained by transmission channel-
ing using a nuclear microprobe proton beam, and is powerful in
detecting defects such as dislocations, stacking faults, precipitates,
etc. [87]. From the energy loss of the transmitted protons, the dis-
tribution of the defects can be deduced [88].
Finally, channeled implantation is briefly mentioned, hence
going back to where it all started: channeling of low-energy heavy
ions. Channeled implantation has proven very beneficial to reduce
sputtering as well as the damage induced during ion implantation.
In particular when implanting very heavy ions, this approach may
be crucial to avoid sample amorphization or self-sputtering. Typi-
cal implantation conditions, i.e. medium ion masses and energies
of tens of keV, result in critical angles as large as 3–6, making good
alignment feasible without the need for a high-precision goniome-ter. However, one should keep in mind that Eq. (1) is no longer
valid under these conditions. Indeed, Lindhard’s 1965 channeling
paper [17] already pointed out that for low-energy, high-mass ions,
the critical angle for channeling is given by
Wc ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ca
d
ﬃﬃﬃ
2
p W1
s
ð6Þ
wherew1 is the critical angle for high-energy light particles (Eq. (1))
and C is a constant. Channeled implantation, including its tempera-
ture dependence, has been studied experimentally and compared to
MDrange simulations [89,90], and shown of crucial importance in
specific ion beam synthesis [91] and doping [92] studies.
4. Conclusion
Clearly, the past 50 years of channeling have been really excit-
ing, not only in terms of its applications in materials science, but
also for the physics of channeling itself. Throughout these 5 dec-
ades, ion channeling has developed to a workhorse technique to
study a wide variety of properties related to (a deviation of) the
sample crystallinity. Consequently, after 50 years, we can consider
channeling as a very mature technique.
However, as touched upon in this paper, there are still plenty of
challenging opportunities, three of which will be briefly com-
mented on a little more. Firstly, it has been shown that simulations
can add significantly to the data interpretation, in particular to pro-
vide quantitative information. This approach has been shown cru-
cial when performing accurate lattice location studies (e.g., using
the FLUX or Many-beam codes), but also for assessing defects
(e.g., McChasy). Despite the fact that a combination of high-
precision experiments and detailed simulations is extremely pow-
erful, its use has not been all that widespread, and there is clearly
more effort needed to maximally distill the information hidden in
the experimental data. Ideally, of course, one would like to see very
user-friendly programs, as are widely available to simulate implan-
tation profiles (e.g., SRIM) or Rutherford backscattering spectra
(RUMP, SIMNRA, NDF, Corteo. . .). Such programs would be very
helpful in carefully designing the optimal experiments as well.
Computational approaches may also be very helpful on very dif-
ferent levels. For instance, current ab initio techniques allow to cal-
culate both the phonon spectrum and the (screened!) potential of a
crystal, as opposed to the approximated models that are typically
used in channeling analysis. How important the use of ab initio
potentials would be, compared to the typical combination of
screened Coulomb potentials and continuum potentials, needs to
be investigated. Particularly for ionic crystals the effect may
become significant.
Finally, on the instrumental side, further improvement of the
detection system would be beneficial. In this context, trying to
improve the energy resolution is just one (obvious) aspect. Besides,
as illustrated above, a more widespread use of position sensitive
detectors could both boost the experimental throughput and
improve the sensitivity. However, the rather limited energy resolu-
tion of the detectors which are currently commercially available
remains inferior to what is acceptable for many experiments.
Overall, channeling is complementary to many other character-
ization techniques used to investigate crystalline materials, and
often goes hand in hand with them. While these techniques may
sometimes be simpler, easier or better, channeling outperforms
them in many cases – in particular, due to the strengths of the
specific ion beam analysis technique used, which provides depth
information, element or isotope specificity, etc.; information which
is often unattainable by other experimental approaches. Hence, we
should not be tempted to try solving ‘‘all problems” with channel-
ing, because we happen to have the equipment and the expertise.
26 A. Vantomme /Nuclear Instruments and Methods in Physics Research B 371 (2016) 12–26Sometimes, other techniques are either easier or better – or both!
Conversely, we should focus on the unique strength of channeling
and fully exploit the inherent strength and power of the ion beam
technique it is based on, i.e. where channeling can make the
difference.
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